A genetic map of highly polymorphic microsatellite markers spanning the von Hippel-Lindau region (VHL) of 3p25 was constructed using the CEPH reference pedigrees. A greater than 1000:1 odds map of pter-D3S1038-RAF1-D3S651-D3S656-D3SM1O-D3S1255-cen was found. Genotyping of six multigenerational VHL families showed the region surrounding the D3S1038 marker to be the most likely location for the VHL gene with a peak location score of 10-04 with VHL completely linked to D3S1038. These data provide an initial high resolution genetic map of this region; D3S1038 appears to be a highly polymorphic marker that should prove useful in the future for presymptomatic diagnosis. (J Med Genet 1993;30:487- 
Von Hippel-Lindau (VHL) disease is an autosomal dominant pleiomorphic disorder characterised by haemangioblastomas and cysts in the central nervous system (CNS), viscera, and retina. Renal cysts frequently progress to renal cell carcinoma (RCC) and many 8 cM region between RAFI and D3S95 (64E2)/ D3S719 (479H4).4 D3S720 (233E2), an anonymous DNA probe, was found to be the closest linked marker to VHL in this study with a peak lod score of with no recombinants. Comparison of this two point lod score with the peak multipoint score (20 The RFLP loci (RAF1, D3S720, D3S18) were genotyped in the VHL family data using standard methodology.'2 In addition, D3S720 was also genotyped in the CEPH family DNA. The RAF1 locus was genotyped in the VHL families for both the TaqI (6-8 kb and 6-3 kb) and BglI (4-0 kb and 3-3 kb) polymorphisms; D3S720 was genotyped in both the VHL and CEPH families, for the two StuI polymorphisms (4-8 kb, 4-5 kb, and 2-5 kb, 2-2 kb); and D3S18 was genotyped in the VHL families for the two DraI polymorphisms (3-8, 1-5 kb and 2-8 kb, 2-5 kb). Haplotypes were constructed and the frequencies used in the analyses were as previously reported34 or were calculated from the CEPH parents. RAFI was genotyped in this laboratory as well as extracted from the CEPH version 4 database. The D3S18 data were extracted from CEPH without error correction.
The dinucleotide repeat markers (D3S1038 (CI3-946), D3S651 (CI3-312), D3S1110 (CI3-1169), D3S656 (GI3-326), and D3S1255 (DR7K))8 were genotyped in the original 40 CEPH pedigrees as well as the VHL families.
The origins of D3S1038, D3S651, D3SJ1O, and D3S656 have been described elsewhere.8 D3S1255 was derived from an EMBL library of a chromosome 3 radiation hybrid mapped to this region. The microsatellite data were generated as previously described'3 and gene frequencies were generated as noted above. The incorporation of a multiplex genotyping approach allowed two or three primer pairs to be analysed simultaneously using 30 ng of DNA, accelerating the analysis, and producing 50 to 160 genotypings on a single sequencing gel. All marker, clinical, and family history data for both the CEPH and the VHL families were processed for storage and analysis via the PEDIGENE system.'4 LINKAGE ANALYSIS CEPH reference mapping The program MAPMAKER'5 was used to construct the initial map of the region incorporating the five dinucleotide markers. All possible orders of the five markers were ex- amined in order to obtain the most likely order of the markers and the associated likelihoods. The computer program CHROMLOOK'6 was used to examine the marker data for possible laboratory data error by detecting all crossover events consistent with the most likely order of markers. All recombination events were regenotyped in an effort to eliminate sources of error in the genetic map construction and estimation of genetic distances. After several rounds of error correction, map generation was repeated as described above. Once the final order was obtained, differences in recombination between males and females in this region were tested by comparing the likelihood of the data, allowing for sex differences in recombination (Ha) to that assuming equal recombination between males and females (HO). Twice the difference in ln likelihoods is asymptotically distributed as a x2 distribution with n degrees of freedom, where n is the difference in the number of recombination fractions estimated under Ho versus Ha.
The genetic map was then regenerated using the RFLP markers together with the dinucleotide repeat markers. The results were integrated in order to generate as complete a data set as possible. All possible orders of the markers and subsets of the markers were examined using MAPMAKER'5 until a set of loci were found that generated support for order of at least 1000: results from the recoded data were compared to the two point analysis incorporating all the alleles in order to ensure accuracy of the recoding so that the multipoint analysis did not result in loss or alteration of the linkage information.
Results

GENETIC MAP
All possible orders of the five microsatellite orders were examined. The resulting order after extensive error checking, D3S1038-D3S651-D3S656-D3SI110-D3S1255, was favoured over the next most likely order, with a log10 likelihood difference of 8&0 (that is, odds > 100 000 000:1). Analysis of the RAFI locus in conjunction with the dinucleotide markers, examining all possible orders of the six markers, resulted in the order D3S1038-RAFl-D3S651-D3S656-D3SI 11O-D3Sl255 as the most likely order with odds of 3000:1 over the next best order. Evidence for a significant difference in sex specific recombination was found (x25= 16-0, p<0-01). The resulting male and female maps are depicted in fig 1 . The D3S720 and D3S18 loci could not be mapped with greater than 1000:1 odds in relation to the other markers in the map. However, they were both localised distal to RAFI in the region of D3S1038 with odds of 1000:1. The loci D3S1038, D3S656, and VHL (normal allele) crossover from the loci D3S1110 and D3S1255. D3S720 and RAF were not informative.
Discussion
The fine mapping of the gene for VHL is the next step towards the identification of the basic genetic defect. The fine mapping of this disorder has progressed slowly, despite the availability of extensive family material.347 This was both because of the paucity of available markers in this region and their relative uninformativeness. Although the recently published map by Tory et aP0 for the short arm of chromosome 3 lists a number of markers mapped distal to the RAF1 gene, the average heterozygosity of the markers included in the manuscript was only 49%. In the present data set, the increase in information gained using the microsatellite markers is realised in both the two point and multipoint analyses. Simulation results21 for the VHL pedigree data using a four allele marker system approximating a heterozygosity of 0 70 resulted in a summed maximum potential lod score of approximately (table 2) , the most use linkage analysis in carrier detection is a D3S720) realises only a well established procedure.24 Carrier detection the potential meiotic in-in VHL is at present possible but limited a the family data versus owing to the relative uninformativeness of the Ilite markers D3S1038 RFLP markers. The availability of highly 6 (Z = 7 02). In the mul-informative microsatellite markers will make using the microsatellite the application of such studies both more meiotic information is informative as well as less tedious to perform. The identification of asymptomatic VHL gene rate highly polymorphic carriers will allow for early identification and heterozygosities greater hence early prevention. It will also indicate reality.2223 The markers those subjects who have a high probability of nalysis were chosen both not carrying the VHL gene (>99%), and alisation in the region of hence on whom surveillance can be relaxed. 1 as for their high infor-Care must be exercised though in the applicaexception of the D3S651 tion of linkage to genetic counselling owing to e heterozygosities of the the confounding factor of heterogeneity. Our results indicate a significant sex difference in recombination in the genetic map. These data were incorporated into the multipoint analysis. Previous maps of this region using the RFLP data520 failed to give evidence for significant differences in male and female recombination, although the ratio of the male to female maps previously reported is similar to that found in the present study. 
